Strawberry puree was processed for 15 min using thermal (65 C), high-pressure processing (600 MPa, 48 C), and ultrasound (24 kHz, 1.3 W/g, 33 C). These conditions were selected based on similar polyphenoloxidase inactivation (11%-18%). The specific energies required for the above-mentioned thermal, highpressure processing, and power ultrasound processes were 240, 291, and 1233 kJ/kg, respectively. Then, the processed strawberry was stored at 3 C and room temperature for 30 days. The constant pH (3.38AE0.03) and soluble solids content (9.03 AE 0.25 Brix) during storage indicated a microbiological stability. Polyphenoloxidase did not reactivate during storage. The high-pressure processing and ultrasound treatments retained the antioxidant activity (70%-74%) better than the thermal process (60%), and high-pressure processing was the best treatment after 30 days of ambient storage to preserve antioxidant activity. Puree treated with ultrasound presented more color retention after processing and after ambient storage than the other preservation methods. For the three treatments, the changes of antioxidant activity and total color difference during storage were described by the fractional conversion model with rate constants k ranging between 0.03-0.09 and 0.06-0.22 day À 1 , respectively. In resume, high-pressure processing and thermal processes required much less energy than ultrasound for the same polyphenoloxidase inactivation in strawberry. While high-pressure processing retained better the antioxidant activity of the strawberry puree during storage, the ultrasound treatment was better in terms of color retention.
INTRODUCTION
Strawberry (Fragaria ananassa) is a good source of vitamin C and other antioxidants (Patras et al., 2009) . It is available worldwide as a whole fruit, ''in natura,'' and also as a processed puree or juice that can be incorporated into nectar, ice cream, yoghurt, baby food, and confectionary. Processed and durable products from strawberry can overcome the short postharvest life and avoid fruit losses. However, when the fruit tissues are exposed to oxygen during processing and storage, juice, resulting in thermolabile nutrients loss such as phenolic compounds, vitamin C, and other antioxidants. It also changes the color, flavor, and texture of the juice (Patras et al., 2009; Zabetakis et al., 2000) . These findings have triggered research and developments in non-thermal food preservation technologies such as high-pressure processing (HPP), irradiation, pulsed electric field, and ultrasound (Evelyn and Silva, 2015a; 2015c; 2016a; 2016b; 2016c; Evelyn et al., 2016; Milani et al., 2015; Silva et al., 2012; Sulaiman and Silva, 2013; Sulaiman et al., 2015a Sulaiman et al., , 2015b Tewari and Juneja, 2007) . HPP is a commercial technology that relies on the use of high pressures (generally 100-600 MPa) to process liquid or solid foods (with or without heat) for times of up to 20 min to inactivate spoilage/pathogenic microorganisms and to extend food shelf life. Power ultrasound is a food preservation technology in which the enzyme and microorganisms are inactivated due to the mechanical effects of cavitation caused by the formation and collapsing of micro-sized bubbles (Terefe et al., 2015) .
Several studies regarding the effect of HPP and ultrasound processing on the quality of strawberry products have been published (Lambert et al., 1999; Patras et al., 2009; Tiwari et al., 2008) . Yet, few have studied the enzyme and quality stability during storage. No significant changes were reported for aromatic volatile compounds between raw untreated and HPP (200 and 500 MPa, 20 min) treated strawberry coulis (Lambert et al., 1999) . Strawberry puree treated at 400 to 600 MPa for up to 15 min showed an increase in the total phenolics and a decrease in ascorbic acid (Patras et al., 2009) . Tiwari et al. (2008) reported that ultrasonication (20 kHz, 100% amplitude, 5 min) reduced anthocyanin (by 1.3%) and ascorbic acid (by 10%) in strawberry juice. Despite the minimal effect of HPP and ultrasonication on quality parameters compared to thermal processing, changes may occur during storage due to slow chemical and biochemical reactions by residual spoilage endogenous enzymes. Hence, it is important to analyze the changes of the quality of HPP (Oey et al., 2008) and sonicated foods during storage. Cao et al. (2012) has studied the effect of six months' storage of cloudy and clear strawberry juices in plastic bottles submitted to HPP (600 MPa, 4 min), and concluded that the antioxidant capacity, total phenolics, monomeric anthocyanin compound, lightness (L*), and viscosity decreased during storage. Another study conducted with whole Elsanta strawberry reported the loss of some of the flavor components after HPP (200 to 800 MPa, 15 min) and 7 days storage in polyethylene bags (4 to 30 C) (Zabetakis et al., 2000) . Moreover, Tiwari et al. (2009) reported the reduction of anthocyanin and ascorbic acid antioxidants after 30 days storage of sonicated Valencia orange juice at 10 C in polypropylene tubes. As opposed to the effect of HPP and ultrasound processing on PPO and quality, only a few storage studies were found with strawberry (Cao et al., 2012 (Cao et al., , 2011 Derossi et al., 2010; Oliveira et al., 2014; Patras et al., 2011; Zabetakis et al., 2000) . The storage and stability studies after processing are very important, as nonthermal technologies can promote deteriorative chemical reactions with negative effects on quality that could only be detected during storage. Moreover, previous studies did not compare and model the fruit quality changes during storage of three different technologies. The kinetics study is valuable for estimating the shelf life of strawberry products. Thus in this research, strawberry puree was processed by ultrasound, HPP, and thermal methods and the processed purees were stored for 30 days at 3 C (refrigeration conditions) and 20 C (room temperature ambient conditions). The main objectives were to compare the effect of different processing techniques with similar PPO inactivation on: (i) the specific energy requirements; (ii) the pH and soluble solids of strawberry puree after processing and during storage; (iii) the PPO reactivation during storage; (iv) the antioxidant activity of strawberry puree after processing and during storage and model changes; and (v) the total color difference (TCD) of strawberry puree after processing and during storage and model changes.
MATERIAL AND METHODS

Strawberry puree sample preparation and packaging
Ripe strawberries (Fragaria ananassa cv. Camarosa) (Brix: 9.20 AE 0.10, pH: 3.40 AE 0.01) were bought from a local farm (Phil Greig Strawberry Farm, Kumeu, Auckland). The fruit was washed, cut into smaller pieces, and blended into a puree using Optiva commercial blender. Before thermal and HPP, samples of 20 g of strawberry puree were vacuum packed in food grade retort pouches of 150 mm Â 105 mm, resulting in 2 to 3 mm overall thickness. The film used was 1 mm thick and composed of polyester, coated with silicon oxide, laminated to nylon and cast polypropylene (PETSIOX(12)//ON(15)//RCPP(70)), being able to withstand temperatures up to 130 C and high pressures. The low oxygen transmission rate (<2 cc/m 2 / day) was suitable for storage experiments. Regarding ultrasound, 25 g of puree was processed by direct contact of the ultrasound probe with the puree, since preliminary experiments revealed higher enzyme inactivation with this set up. The ultrasonicated Food Science and Technology International 23(4) puree was vacuum packed for further storage experiments.
Experimental outline
Browning by PPO in strawberries is a real concern. Camarosa strawberry requires !70 C for its inactivation (Sulaiman and Silva, 2013) , which is comparable to some microorganisms used as pasteurization targets in acidic fruits. The strawberry puree samples were batch processed for 15 min by heat (65 C), HPP (600 MPa, 48 C), and ultrasound (24 kHz, 210 mm, 1.3 W/g, 33 C), since these processing conditions yielded approximately the same PPO inactivation (11%-18% enzyme residual activity). We have selected processing conditions that caused only partial PPO inactivation, since one of the objectives was to study the PPO reactivation during storage. These conditions were decided based on previously published kinetic studies (Sulaiman et al., 2015a; . For each processing condition, enough samples were processed to allow triplication in the storage study and quality analyses in triplicate processed samples.
The PPO residual activity, pH, soluble solids ( Brix), antioxidant activity, and TCD were analyzed before and after processing, and during storage. Three replicates of thermal, high pressure, and ultrasound processed samples were analyzed immediately after processing and after 1, 7, 15, and 30 days of storage at 3 C (Sanyo Labcool Pharmaceutical Refrigerator MPR-720R, Osaka, Japan) and 20 C in a temperature controlled laboratory at the University of Auckland. The phenolic profile of the strawberry puree, which is also related with antioxidant activity, could be affected by PPO activity during storage. However, this characterization was outside the scope of this study.
Thermal processing
Thermal treatment at 65 C for 15 min was carried out using a Water Bath W28 (Grant Instruments Ltd, England) by fully submerging the vacuum-packed strawberry puree samples. Treatment temperature was premeasured by inserting the needle of a thermocouple into the center of the packed strawberry puree and fully submerging it into the water bath. Then the temperature history was recorded (Figure 1(a) ). Fruit thermal conduction was maximized by packing a small mass of fruit puree sample in a large surface area pouch, which resulted in a very thin layer of strawberry puree as mentioned previously. This procedure reduced the heat transfer resistance, ensuring uniform temperature distribution in the puree inside the bag. After processing, the samples were transferred into an ice-cooled water bath and then placed at 3 C and 20 C for storage studies and further quality analyses.
HPP
HPP was carried out using the Avure 2L-700 HPP Laboratory Food Processing System (Serial No. 101130, USA) using distilled water as the pressure medium in the treatment chamber. The HPP chamber was equipped with a thermocouple to register the temperature during the HPP cycle. Vacuum-packed strawberry puree samples were pressurized at 600 MPa and 48 AE 2.4 C for 15 min. The pressure-temperature-time processing conditions refer to the constant pressure phase of the HPP cycle. The reason for picking 48 C for HPP treatment was to ensure an equivalent process to ultrasound and thermal, in terms of PPO inactivation. The temperature history during the HPP treatment was recorded (Figure 1(b) ). The pressure come-up time was less than 2 min. At the end of the constant pressure phase, the release of the pressure caused an instantaneous decompression. The processed samples were first transferred to an ice-cooled water bath and then placed at 3 and 20 C for storage studies.
Direct contact ultrasound processing
Preliminary results demonstrated higher enzyme inactivation for direct contact sonication as opposed to sonication of packed strawberry samples (results not shown). The ultrasound processing was carried out using UP200S (24 kHz) Heilscher Ultrasound GmbH (Germany) not using the pulse mode, so energy supply was continuous. A 3-mm diameter probe tip was used at 210 mm amplitude. A value of acoustic energy density of 1.3 W/g was calculated from the 3 mm probe tip's acoustic power density (460 W/cm 2 ) listed in the equipment manual specifications (Hielscher Ultrasonic GmbH, 2007) and a mass of 25 g of strawberry puree. The puree was added to a 2.5-cm diameter and 7.0-cm height plastic cup resulting in 5.5-cm sample deepness. The ultrasonic probe tip was submerged 2.5 cm into the strawberry puree so that more efficient direct contact sonication can occur. To maintain better the temperature during the ultrasound treatment, the puree sample in the plastic cup was placed in a thermostatic water bath which was set at 20 C. In addition, manual agitation of the sample with a glass rod was carried out to ensure uniform temperature and reduce the temperature increase of the puree during the sonication. During the sonication, the treatment temperature was recorded using a thermocouple placed at the center of the plastic cup containing the strawberry sample (Figure 1(c) ). Since there was an increase in the temperatures during the 15 min sonication period, the average temperature of 33 AE 7 C was considered as the processing temperature. The processed samples were readily transferred into an ice-cooled water bath, then vacuum packed and finally placed at 3 C and 20 C for storage.
Specific energy estimation for different processes
The processes resulting in similar PPO inactivation were compared in terms of energy requirements. For thermally processed strawberry puree, equation (1) was used in the calculations of energy. The system was assumed to be well insulated during the 15 min thermal treatment, and thus the energy to maintain the temperature during the treatment was not included in the calculation. For HPP and ultrasound, equation (1) was also used to estimate the energy required for preheating the puree from the refrigerator (4 C) to the initial temperature before ultrasound and HPP processing.
where Q is the specific heat energy required to heat the sample (J); m is the mass of the strawberry puree Food Science and Technology International 23 (4) sample (kg); and c p is the strawberry heat capacity (3940 J/(kg. C) (Sweat, 1986) . ÁT for thermal processing is the final processing temperature (65 C) minus the initial temperature of the strawberry puree from the refrigerator (4 C). For HPP, the final temperature used to calculate ÁT is the sample temperature before the start of the HPP cycle (40 C) minus 4 C. For calculating ÁT in ultrasound processing, the final temperature was the temperature at the start of the ultrasound processing (20 C). Regarding HPP, in addition to the heat required to warm up the strawberry puree to the initial processing temperature (equation (1), Figure 1 (b)), the compression work (W compression in J) during pressurization needs to be calculated. Knowing W compression ¼ R PdV and the relations between V (volume), P (pressure), and T (temperature) for single phase pure fluids (Smith et al., 2005) such as liquid water, we deducted the following equation to calculate the compression work during the pressurization phase of the HPP cycle:
where P 1 ¼ 0.1 Â 10 6 and P 2 ¼ 600 Â 10 6 are the initial and final pressure (Pa) during pressurization, V ¼ 0.002 is the volume of the chamber containing liquid water (m 3 ), is the isothermal compressibility of water at the average compression temperature of 49 C (4.4177 Â 10 À 10 Pa Kell, 1975) , is the volume expansivity or thermal expansion coefficient of water at 49 C (4.653 Â 10
; Kell, 1975) , and T 2 À T 1 is the adiabatic temperature increase during pressurization (58 À 40 ¼ 18 C). With respect to ultrasound, in addition to the heat used to pre heat the puree before the ultrasound treatment (equation (1)), the energy from the probe during processing was estimated using equation (3) (Mason, 1990) :
where E is the sound energy (or acoustic energy), sound intensity of the probe of 460 W/cm 2 was taken from the manufacturer's manual probe specifications (Hielscher Ultrasonic GmbH, 2007) and does not account for efficiency, A is the area of the 3 mm sonotrode (0.0707 cm 2 ), and t is the total ultrasound processing time (15 min ¼ 900 s).
The specific energies for the treatments were obtained by dividing the energy per kg of processed sample, which was different for each process.
Enzyme extraction and PPO assay
All chemicals used were analytical grade: Catechol, polyvinylpolypyrrolidone (Sigma Aldrich, Steinheim, Germany), and Triton X-100 (Ajax FineChemical, Taren Point NSW, Australia). The packed puree samples were stored in the refrigerator prior to enzyme extraction, which was carried out before and after each treatment. For each processed/stored and nonprocessed puree sample, the PPO enzyme was extracted from the purees, and the enzyme activity was measured according to the procedure previously described by Sulaiman and Silva (2013) . For better enzyme extraction, a blender was used for 3 min to mix the puree sample (10 g) with 20 mL of 0.2 M sodium phosphate buffer (pH 7.0) and 4% (w/v) insoluble polyvinylpolypyrrolidone with the addition of 1% (v/v) triton X-100 and 50 mL of 1 M NaCl. The homogenates were then centrifuged in 1.5 mL centrifuge tube at 14,000 g for 30 min. The supernatant containing PPO was taken out and PPO activity was assessed spectrophotometrically at 420 nm, by recording the absorbance increase for 15 min (Perkin Elmer Lambda 35 UV-visible). The sample cuvette contained 3 mL of catechol substrate in a 0.07 M (pH 5.8) phosphate buffer and 100 mL of undiluted PPO extract from the fruit. Preliminary experiments revealed that the buffer pH of 5.8 was within the optimal enzyme activity range. The blank was prepared by mixing 100 mL of distilled water with 3 mL catechol solution in phosphate buffer (pH 5.8). The enzyme activity was determined for the raw unprocessed (A 0 ) and processed/stored samples (A). All activity analyses were carried out in three replicates of the processed/stored samples and the average enzyme residual activity AE standard deviation (RA ¼ residual activity ¼ A/A 0 ) was calculated.
Quality analyses
All quality analyses after processing and during storage were carried out in triplicates of processed bags. The average AE standard deviation was calculated for each quality parameter.
Soluble solids and pH. The soluble solids value ( Brix) of samples was determined by using a Digital Abbe Refractometer DR-A1 (Atago, UK) at 25 C. The pH was recorded using the Mettler-Toledo S20 SevenEasy pH meter (UK). The pH meter was calibrated with pH 4 and pH 7 buffer solutions. Approximately 10 mL of the puree sample was placed in a small beaker and the pH was measured at 25 C. The sample was manually stirred to ensure the uniformity of the puree sample.
Antioxidant activity. Antioxidant activity was evaluated as radical scavenging activity (RSA, %) using 2,2-diphenil-1-picrylhydrazyl (DPPH) as described by Blois (1958) , Miller et al. (1995) . and Rauter et al. (2012) . The supernatant of the strawberry puree samples was collected by centrifugation (5000 rpm for 15 min). Five milliliters of the supernatant was diluted to 100 mL by adding deionized water. A free radical solution was prepared by adding 2.36 mg of DPPH into 50 mL methanol. Fifty microliters of the diluted strawberry puree supernatant and 1.95 mL of DPPH solution (total of 2.00 mL) were added into a spectrophotometer cuvette and shaken vigorously. The mixed solution was left in the dark for 30 min. The absorbance of the mixed solution and a blank of DPPH solution without sample were measured with a spectrophotometer set at 517 nm. The RSA (%) was calculated using equation (4):
where Abs blank is the absorbance reading of the blank and Abs sample is the absorbance reading of the sample.
Color. Color characteristics were assessed by the CIE L* a* b* method. The lightness (L*) and the two color coordinates, red-green (a*) and blue-yellow (b*) where measured using the Minolta CR-400 chromameter. The calibration was carried out using a white calibration plate. The strawberry puree sample was placed in a clear plastic container with 3.5 cm diameter and 1 cm depth. The sample thickness was 1 cm, and the L*, a*, and b* values were measured against a white background. The TCD which is the overall color difference of the processed sample (L*, a*, b*) compared to the raw unprocessed sample (L 0 *, a 0 *, b 0 *) was calculated using equation (5) (Silva and Silva, 1999) :
The following classification of TCD was used (Drlange, 1994) : 0.0-0.2: not perceptible, 0.2-0.5: very small, 0.5-1.5: small, 1.5-3.0: distinct, 3.0-6.0: very distinct, 6.0-12.0: great, and >12: very great difference.
Statistical analysis and modeling
For each parameter analyzed, one-way analysis of variance (Stastistica 12, Statsoft Õ , USA) was carried out to compare the results for different treatments after processing and at the end of storage. The Tukey's honest significant difference test was used to separate the averages into different groups (p < 0.05) which were labeled with different letters for PPO, antioxidant activity, and TCD. The simple first order kinetics (equation (6)) was used to model the antioxidant and TCD changes during storage:
where x is the antioxidant activity or TCD at a certain storage time t (day); x 0 is the initial antioxidant activity or TCD after processing and before storage; and k is the rate constant (day À 1 ); When the change of the antioxidant activity and TCD reached a plateau for a sustained period of time, the fractional conversion model can be more appropriate (equation (7)):
where x f is the antioxidant activity or TCD at the end of storage. The rate constant, k, and x o and x f were estimated by non-linear regression using equations (6) or (7) (x, t data). TableCurve 2D software (version 5.01, Systat software Inc., USA) was used to estimate the kinetic parameters AE standard errors.
RESULTS AND DISCUSSION
Specific energy requirements for similar PPO inactivation
The estimated specific energies (kJ/kg) required for similar PPO inactivation (11%-18% RA) in strawberry puree were 240 for thermal (sensible heat), 290 for HPP (mostly compression work), and 1233 for ultrasound (power from the ultrasound) methods. Table 1 provides details of the energy calculations for each processing method. Ultrasound processing required much more energy (1233 kJ/kg) than HPP and thermal treatments (240-290 kJ/kg). Most of the energy provided for ultrasound was for the production of sound waves for the process. Regarding HPP and thermal treatments, the energy required is an overestimation of the real needs, where a considerable amount of heat could be recovered for the feed preheating. As opposed to thermal and HPP technologies, ultrasound up-scaling is not possible due to lack of effectiveness of the reactor design, which is mainly at the vicinity of the sound source. In order to justify the additional cost for ultrasonic processing, Food Science and Technology International 23(4) more engineering research is needed for optimal reactor design, minimization of energy required, and higher quality of the processed products.
Until present, no study has used PPO enzyme inactivation as the basis of comparison for the energy input requirements. However, there have been some studies on energy requirements for similar bacterial inactivation. Milani et al. (2016) compared the energy for thermal, HPP, and thermosonication pasteurization of beer (2.5 log reductions of S. cerevisiae spores) and concluded the same: much lower energy for HPP (77 kJ/L) and thermal processing (189 kJ/L) than TS (2612 kJ/L). Toepfl et al. (2006) studied equivalent processes in terms of Clostridium spores inactivation and concluded that the specific energy for sterilization was slightly reduced from 300 kJ/kg for a 10 cm diameter can in an autoclave process (can core temperature reached 111 C) to 270 kJ/kg when using HPP combined with temperature (800 MPa, 80 C can core temperature, 10 min).
pH and soluble solids of processed samples during storage
The average values of pH and soluble solids of all determinations (before, after processing and during storage) were 3.38 AE 0.03 and 9.03 AE 0.25 Brix, respectively, with no significant difference between raw, processed, and stored strawberry purees (p < 0.05). The pH and soluble solids data can be consulted ( Table 2 ). The vacuum-packed processed fruit puree samples were stable during the 30 days of storage with no change in pH and soluble solids, and no evidence of microbial growth, since no swollen bags were observed during storage. The high acidity of strawberry puree prevented the growth of pathogenic bacteria, and the germination and growth of spores from pathogenic and spoilage bacteria Gibbs, 2004, 2009; Silva et al., 2014) , hence not posing any safety concern. As opposed to bacteria, moulds can be a problem in strawberry products. However, most moulds' spores, vegetative lactic acid bacteria, and spoilage yeasts commonly found in fruit products are inactivated upon exposure to 60 C for 5 min (Beuchat, 1998) . In our study, a higher temperature (65 C) for much longer time (15 min) was used and thus those microorganisms were not expected to be found in the thermally processed puree samples. Also, HPP between 400 and 600 MPa (ambient or chilled conditions) for 10 min has been commercially used to preserve high acid foods such as fruit juices and beverages (Cheftel, 1995) , which were milder conditions than 600 MPa-48 C-15 min applied to strawberry in our experiments. In addition, Cao et al. (2012) reported no growth of aerobic bacteria, yeast, and moulds in strawberry juices during six months storage at 4 C and 25 C after 600 MPa HPP-43 C-4 min. Limited studies were found on ultrasound; however, 5 log reduction of Escherichia coli in distilled water adjusted to pH 4 (to simulate apple juice) were registered after sonication (1.03 W/mL) at T 30 C for 10 min (Salleh-Mack and Roberts, 2007) . Once again, we have used a higher power (1.3 W/g) for longer time (15 min) in our work.
PPO stability during storage
No changes were observed throughout storage on PPO RA (p < 0.05) (Figure 2 ). Table 3 shows the effect of different processing methods on strawberry puree PPO RA straight after processing and after 30 days of storage at room temperature and 3 C. No significant changes (p < 0.05) were registered in PPO RA after 30 days storage, and the values were in the range of 15% to 17.6% for thermal treatment (65 C-15 min), 16.4% to 19.6% for HPP C-15 min) and 11.3% to 15.3% for ultrasound (1.3 W/g-33 C-15 min). Similarly, no change in PPO was observed during 23 days storage at 14 C of green banana (Musa cavendishi L, cv. Enana) after blanching for 11 min in boiling water ($4 % RA) (Cano et al., 1990) . Stable PPO activity has also been reported for guava (Psidium guajava L. cv. Chung shan) puree treated at 88 C to 90 C for 24 s, presenting PPO RA of 16% and 14% after processing and storage for 60 days, respectively (Yen and Lin, 1996) . In resume, our results and literature results ÁT raise of strawberry puree T from 4 C to the initial temperature before thermal (65 C), HPP (40 C), and ultrasound treatments (20 C); c p ¼ 3940 J/(kg C) (Sweat, 1986) ; ¼ 4.653 Â 10 À 4 K À 1 (Kell, 1975) ; ¼ 4.4177 Â 10 À 10 Pa À 1 (Kell, 1975) ; Sound intensity: 460 W/cm 2 ; Area of sonotrode: 7.07 Â 10 À 2 cm 2 .
confirm that the PPO does not reactivate during storage of thermally treated fruit. As opposed to thermal processes and to our results with HPP and ultrasonicated fruit puree samples, an increase of PPO RA from 63% to 81% was reported after 60 days storage at 4 C for HPP treated (600 MPa, 15 min) guava puree (Yen and Lin, 1996) . Jang and Moon (2011) also registered an increase in the PPO specific activity from 50 U/mg to about 250 U/mg after 12 days storage at 10 C of ultrasonicated Fuji apple (40 kHz). Although the storage temperature does not affect the enzyme conformation, the effect of HPP on PPO during storage is still unclear since fluctuations on PPO residual activity were reported in a few studies. The changes in the activity could be due to the release of the cell-bound enzyme after processing and during storage (Asaka and Hayashi, 1991; Anese et al., 1995; Cano et al., 1997; Lo´pez-Malo et al., 1998) . Also, the effects on PPO observed during storage of processed fruit products are very dependent on the fruit and cultivar.
Effect of different processing methods on antioxidant activity
Anthocyanins, polyphenols, and vitamin C are the main antioxidants components of the strawberry Food Science and Technology International 23(4) (Azzini et al., 2010; Terefe et al., 2013) , being vitamin C (or ascorbic acid) the major constituent (58 mg of ascorbic acid in 100 g strawberry; 71% of the fruit micronutrients) (Giampieri et al., 2012) . Thus, a decrease in total strawberry antioxidant activity could be due to the loss of vitamin C, anthocyanins, and other polyphenols. Table 4 shows the effect of different processing methods after 15 min treatment on strawberry puree initial antioxidant activity value of 76.1%. All the treatments reduced strawberry antioxidant activity (p < 0.05), but HPP and ultrasound processing had less impact on the antioxidant activity than the thermal treatment (p < 0.05).
Thermal processing. Regarding thermal treatment at 65 C for 15 min, antioxidant activity was significantly reduced from 76.1% (raw unprocessed puree) to 60.0% (p < 0.05). Similarly, Patras et al. (2009) reported 25% reduction in antioxidant activity (DPPH method) of strawberry puree after 2 min at 70 C. In addition, Lo Scalzo et al. (2004) also reported a decrease in the free RSA (DPPH and ESR method) of blood orange juice after 80 C pasteurization for 6 min. Degradation of antioxidants was also seen for thermally treated strawberry puree (90 C, 15 min) with 14%, 43%, and 61% reduction of polyphenols, anthocyanins, and vitamin C, respectively (Marszalek et al., 2015) . On the other hand, thermally pasteurized strawberry pieces at 85 C for 5 min presented no significant change in their antioxidant activity assessed by the ABTS method (Oliveira et al., 2014) . The difference in results could be due to difference in cultivars or antioxidant activity assays used (Terefe et al., 2013) .
HPP. HPP at 48
C showed a slight reduction of antioxidant activity from raw unprocessed puree from 76.1% to 69.8% (92% retention) (p < 0.05). Oey et al. (2008) mentioned that small molecules such as vitamins, flavor, and aroma compounds were unaffected by HPP at room temperature. Terefe et al. (2013) reported 65% (ORAC method) to 87% (FRAP method) retention of antioxidant capacity of Camarosa strawberry puree after 600 MPa-20 C-5 min. Keenan et al. (2012a) reported 35% decline in total antioxidant capacity of a fruit smoothie (composed by strawberry, apple, banana and orange) after a HPP process of 600 MPa-20 C-10 min. Antioxidant activity of orange juice did not change significantly after 400 MPa-40 C for 1 min and 15 min processing time (Sa´nchez-Moreno et al., 2003 . The total antioxidant capacity and antioxidant compounds (i.e., vitamin C) in strawberry, blackberry, cashew apple juice, and Granny Smith apple purees did not change after room temperature HPP at 250 to 600 MPa for 3 to 10 min (Landl et al., 2010; Patras et al., 2009; Queiroz et al., 2010) .
Ultrasound. The antioxidant was well preserved after ultrasound (33 C) with no significant difference from the raw unprocessed puree (p > 0.05). The non-thermal processing temperature and the counter effect of antioxidant reduction due to hydroxyl radical and the release of cell-bound phenolics in the puree during ultrasonic wave oscillation could explain the antioxidant activity retention (Aadil et al., 2013; Ashokkumar et al., 2008) . Total retention of antioxidant activity was also recorded after sonication of Green Cactus pear juice (20 kHz, 1500 W) for 15 min with 72 C final temperature (Cansino and Guadalupe, 2013) . Additionally, 90% and 95% retention of vitamin C were observed after sonication of strawberry juice (61 mm, 0.88 W/mL, 40 C for 5 min) and Valencia orange juice (61 mm, 0.88 W/mL, 25 C for 10 min), respectively (Tiwari et al., 2008 (Tiwari et al., , 2009 ). Keenan et al. (2012b) registered 75% retention of total antioxidant capacity (DPPH method) in a fruit smoothie composed by apple, strawberry, banana, and orange, after a 10-min ultrasound process (20 kHz, 61 mm). Furthermore, 20% increase in the antioxidant activity of blueberry juice submitted to continuous sonication (20 kHz, 30.76 W, 19.7 J/ml, 25 C) was reported due to the release of cell-bound antioxidant compounds (Mohideen et al., 2015) . Interestingly, whole watercress retained more vitamin C after thermosonication (20 kHz, 125 W) at temperatures between 82.5 C to 92.5 C than thermal processing at the same temperature range (Cruz et al., 2008) .
Effect of storage on antioxidant activity and modeling
The changes in antioxidant activity of the processed sample during refrigerated and room temperature storages are shown in Figure 3 . The antioxidant activity gradually declined over the 30 days storage of Table 4 . Antioxidant activity and total color difference (TCD) of strawberry puree after thermal, HPP and ultrasound processing and 30 days of storage at 3 
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Note: Antioxidant activity is the radical scavenging activity using the DPPH method; all processes have similar polyphenoloxidase inactivation; TCD was calculated according to equation (5); for each quality parameter means followed by different letters belong to different groups (p < C) processes and during 30 days storage at 3 C and room temperature (20 C). Antioxidant activity is the radical scavenging activity using the DPPH method. The solid lines represent the fitted fractional conversion model. strawberry puree samples processed by the three methods. For the three processing methods, the antioxidant activity was better retained when storing the strawberry puree at 3 C rather than room temperature, which was expected. The highest reduction of antioxidant activity was recorded for ultrasound-treated puree from 74% to 53% (3 C) and 42% (room temperature) after 30 days of storage (Table 4) . This was unexpected for ultrasound as the remotion of oxygen during sonication could provide better stability of antioxidant activity during storage (Knorr et al., 2004) . However, the possible production of hydroxyl radical during sonication could accelerate the degradation of antioxidants, especially the ascorbic acid and phenolics (Ashokkumar et al., 2008) . Thermal and HPP-processed puree antioxidant degradation can be exclusively attributed to the non-enzymatic and enzymatic phenolics degradation during storage (Terefe et al., 2013; Patras et al., 2010; Talcott and Howard, 1999) . Moreover, other key antioxidants can degrade aerobically and anaerobically during storage, being the rates dependent on the storage conditions, packaging, and processing methods (Kabasakalis et al., 2000; Kennedy et al., 1992) . In the initial stage of storage, residual oxygen in the puree induces the aerobic degradation and once all the oxygen depleted, anaerobic degradation will occur (Kabasakalis et al., 2000) . This can explain the differences of antioxidant activity degradation during storage for samples processed by different methods. A decrease in antioxidant capacity, ascorbic acid, and total phenolics of HPP-treated (600 MPa, 43 C) cloudy and clear strawberry juices stored for six months at 4 C and 25 C (even with complete PPO inactivation) in plastic bottles was also observed (Cao et al., 2012) . Dede et al. (2007) reported that 35 C, 15 min) tomato and carrot juices stored at 4 C and 25 C showed higher retention of antioxidant activity compared to thermally processed (80 C, 1 min) juices. Antioxidant activity of HPP carrot and tomato juices (250 MPa, 35 C, 15 min) did not change during 30 days of storage in plastic vials at 4 C and 25 C (Dede et al., 2007) . Additionally, the antioxidant activity of thermally processed (80 C, 1 min) carrot juice was better preserved at 4 C and 25 C than tomato juice during 30 days of storage in plastic vials (Dede et al., 2007) . This shows different processed fruits could have different behaviors during storage.
Modeling changes during storage. The simple (equation (6), 0.80 < R 2 < 0.96) and the fractional conversion first order models (equation (7), 0.91 < R 2 < 0.97) were fitted to the antioxidant activity data obtained during the 30 days storage of strawberry processed by thermal, HPP, and ultrasound methods ( Table 5) . The fractional conversion model was a better model. As expected, the rate constants of antioxidant degradation (k) were higher at the higher storage temperature. In general, the fractional conversion rates for antioxidant activity changes (k) in the thermally treated puree at 65 C (0.080 to 0.090 day À 1 ) were higher than ultrasonicated puree at 33 C (0.061 to 0.072 day À 1 ), followed by HPP at 48 C (0.028 to 0.030 day À 1 ). The simple first order also worked and kinetic parameters were estimated for comparing with literature values. Since antioxidant activity kinetics modeling during storage was not found, comparisons will be made with antioxidant components -phenolics and vitamin C (ascorbic acid). Thermally pasteurized strawberry cubes showed pseudo-first order behavior for phenolics during Table 5 . Estimated antioxidant activity kinetic parameters AE standard error for the simple first order (equation (6)) and the fractional conversion (equation (7) Antioxidant activity is the radical scavenging activity using the DPPH method; antioxidant activity 0 : initial antioxidant activity after processing and before storage; antioxidant activity f : antioxidant activity at the end of storage time; k: rate constant.
storage in glass flasks at 23 C for 90 days (Oliveira et al., 2014) . Derossi et al. (2010) C and 15 C. Simple first order degradation of vitamin C was registered for HPP (600 MPa-5 min) and thermally processed apple juice (75 C, 10 min) with a rate of loss between 0.068 to 0.070 day À 1 during 5 C refrigerated storage in plastic pouches (Landl et al., 2010) . Torres et al. (2011) stored blood orange juice processed by HPP (600 MPa, 15 min) at 4 C and 20 C for 10 days and ascorbic acid first order degradation rate constants were 0.0068 and 0.036 day À 1 , respectively. Ascorbic acid degradation in blueberry juice after HPP (600 MPa, 5 min, T 42 C) stored in low-density polyethylene bottle during 56 days storage at 4 C fit the 1.4th order reaction model (Barba et al., 2012) .
Effect of different processing methods on strawberry TCD Table 4 shows the TCD after processing and 30 days storage at 3 C and room temperature. Sonicated strawberry puree showed lower TCD than HPP and thermally processed samples (1.5 vs. 3.6 for HPP and 3.3 for thermally processed puree, p < 0.05). Thermal processing and HPP showed a very distinct change in color based on classification of color differences (Drlange, 1994) , while small changes in color were observed for ultrasound-treated strawberry puree. The change in TCD after processing was due to the degradation of anthocyanins cyanidin-3-glucoside, pelargonidin-3-glucoside, and pelargonidin-3-rutoside in strawberry, responsible for the red color (Cao et al., 2011; Castanˇeda-Ovando et al., 2009) . Anthocyanins oxidation as well as condensation with phenolic compounds causes degradation to colorless compounds (Castanˇeda-Ovando et al., 2009) . A 60 C-3 min process caused very distinct difference (TCD ¼ 4.5) in Elsanta (II) and great difference in color (TCD ¼ 6.3) in Everest strawberry purees (Holzwarth et al., 2012) . Thermally processed strawberry and blackberry purees in boiling water for 2 min (come-up time) to achieve a core temperature of 70 C resulted in a TCD of 5.7 and 3.2, respectively, as opposed to small changes on TCD (2.1-2.2) after 600 MPa ambient for 15 min of strawberry and blackberry purees (Patras et al., 2009) . A much higher TCD of 12.0 has been measured in ultrasonicated (61 mm, 0.88 W/mL, 40 C for 5 min) strawberry juice by Tiwari et al. (2008) compared to 3.3 obtained with puree in our experiments.
Effect of storage on TCD and modeling
With respect to storage, TCD increased during storage with the greatest changes observed for room temperature storage of HPP (from 3.6 to 9.4), followed by thermal (from 3.3 to 8.2) and lastly ultrasound (from 1.5 to 5.7) processed purees (Table 4) . For the three treatments, lower TCD values were obtained after 3 C storage (5.4 to 6.5) than 20 C storage (5.7 to 9.4). The lower color degradation of ultrasonicated puree was probably due to the degassing effect of ultrasonic processing, hence reducing the oxygen concentration in the pulp of strawberry puree, promoting less anthocyanin degradation than thermal and HPP. Cao et al. (2012) obtained a TCD of 2.8 for 600 MPa-4 min treated cloudy strawberry juice stored for 30 days in plastic bottles at 4 C as opposed to 10.5 for 25 C storage. The color of HPP (450 MPa, 25 C, 5 min) and Food Science and Technology International 23 (4) thermally (70 C, 10 min) treated fruit smoothies steadily increased from 3.24 to 6.84 and 1.74 to 3.84 during 30 days storage at 4 C in polyethylene terephthalate bottles, respectively (Keenan et al., 2011) .
Modeling TCD changes during storage. The changes in TCD during 30 days storage were also well modeled with the fractional conversion model (0.77 < R 2 < 0.98) (equation (7)). As opposed to antioxidant activity, the simple first order (0.54 < R 2 < 0.82, data not shown) did not work well in this case. Table 6 presents the estimated kinetic parameters for TCD changes during storage. Similar TCD changes rate constants were estimated for ultrasound-and HPP-treated strawberry purees (0.06 to 0.10 day À 1 ), while higher rates were registered for the thermally processed puree (0.19 to 0.22 day À 1 ). This result can be confirmed by slower TCD changes within the first 15 days of storage for ultrasound and HPP in comparison to thermally treated puree (Figure 4 ). Higher final TCD values (TCD f ) were estimated for HPP and thermal processing (6.6 to 10.0) than ultrasonicated puree (5.8 to 5.9). The higher TCD 0 after HPP and thermal processing (3.4-4.1) at time zero compared to ultrasound (1.6-2.1) can also justify the difference. These predicted TCD values are in agreement with the experimental results obtained (Table 4 ). Other studies also used the fractional conversion model, mentioning it as reversible first order model (Speers et al., 1987; Silva and Silva, 2000) . The reversible first order rate of red color loss of thermally pasteurized strawberry juice stored in cans at 20 C was 0.030 days À 1 (Speers et al., 1987) . The TCD changes for thermally (70 C-5 min) processed cupuac¸u puree stored in cans at 18 C also followed reversible first order kinetics with a rate constant of 0.031 days À 1 (Silva and Silva, 2000) . With respect to HPP, treated strawberry (cv. Camarillo) jam TCD followed simple first order kinetics during storage in glass jars at 4 C and 15 C .
CONCLUSIONS
Processing the strawberry puree for 15 min by thermal at 65 C, HPP at 48 C, and ultrasound at 33 C resulted in PPO residual activities between 11% and 18% and required 240, 291, and 1233 kJ/kg of energy for processing, respectively. The strawberry puree was stable in terms of PPO activity with no change in pH and soluble solids, indicating no evidence of microbial growth even during room temperature storage for 30 days. HPP and ultrasonicated strawberry purees retained the antioxidant activity better than thermal treatment. With respect to color, ultrasonication was the best, which could possibly be due to the lower processing temperature. The changes in antioxidant activity and TCD followed fractional conversion model with k of 0.028-0.090 and 0.06-0.22 days À 1 , respectively. Overall, HPP resulted in better antioxidant activity and ultrasonication in better color. However, more research in the design of the reactor for ultrasound processing is needed to overcome the higher energy consumption compared to HPP and thermal treatments. 
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